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Abstract. The wheel-rail contact modelling is always an interesting topic in rail 
vehicle system dynamics simulation. Many contact models have been developed 
for different purposes, and each model has its own pros and cons for different 
applications. In multibody system (MBS) simulation of rail vehicles, the effi-
ciency and accuracy of the wheel-rail contact model are of importance. It is the 
aim of this paper to compare in MBS online simulation one classical approach 
(Hertz theory+FASTSIM), one approximated non-Hertzian approach and the 
‘exact’ solver CONTACT and show the influences of the contact modelling on 
the results of vehicle dynamics simulations. 
Keywords: wheel-rail contact, vehicle dynamics, contact modelling, non-
Hertzian contact. 
1 Introduction 
The wheel-rail contact modelling is one of the most important aspects in multibody 
system (MBS) simulations of rail vehicles since it reflects the highly nonlinear charac-
teristics of the system. Many contact models have been developed for different pur-
poses in railway applications [1].  
Generally, the wheel-rail contact problem is assumed to be decoupled in the normal 
and tangential direction. Therefore, the two components can be treated separately which 
results in varied combinations of contact solvers. The Manchester Contact Benchmark 
was defined [2] to compare contact models commonly used in rail vehicle dynamics 
simulations. This benchmark was designed Case A and Case B. However, only the re-
sults concerning Case A were published, which show the comparisons in the context of 
offline (post-processing) and focus on the local contact solution rather than the influ-
ence of the contact modelling on the online dynamics of the vehicles which are basically 
the task of Case B. In addition, it is worth mentioning that a comprehensive investiga-
tion on the accuracy of different simplified tangential contact algorithms has been per-
formed with reference to CONTACT for Hertzian contacts in [3]. 
To gain a complete insight into the wheel-rail contact phenomena and relevant issues 
such as the train-track interaction, degradation of the wheel-rail interface and infra-
structure, the integration of an advanced contact model in MBS is required. 
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Recently, Burgelman et al. [4] studied the influence of wheel-rail contact modelling 
on vehicle dynamic simulation by means of co-simulation between commercial soft-
ware VI-Rail and Matlab. However, these external contact models were actually not 
incorporated into VI-Rail directly instead a correction procedure was introduced to 
compensate the difference caused by the default contact model. Moreover, the differ-
ence of the contact solution considered in this work is mainly due to the variation in the 
normal contact solver. 
In contrast, the aim of this work is to investigate the influence of wheel-rail contact 
modelling in the MBS online simulation of rail vehicles. To this end, a methodology is 
proposed to integrate external contact models including both normal and tangential con-
tact solvers into the MBS vehicle-track interaction model. The contact model combina-
tions considered in this work represent three levels of elaboration of modelling, namely 
the classic Hertz+FASTSIM [5] that is the built-in solver of SIMPACK for wheel-rail 
contact problem, Kik-Piotrowski (KP) [6] method to solve the normal problem and 
Kalker book of tables non-Hertzian(KBTNH) [7, 8] to solve the tangential problem 
which is an advanced approximate non-Hertzian contact solver and the well-known 
‘exact’ solver CONTACT [9]. The Manchester benchmark vehicle [10] was selected as 
a baseline to study the dynamics of the vehicle considering the various contact models. 
The tangential and normal contact solutions are reported and compared. 
2 MBS model 
The simulation code SIMPACK Rail is used for building the MBS model of a rail ve-
hicle which is a passenger vehicle model adapted based on the Manchester benchmark 
model as shown in Fig. 1. The MBS vehicle model consists of a carbody, two bogies 
with two stages of suspensions and four solid axle wheelsets. The model is made up of 
rigid bodies with 46 degrees of freedom. The primary and secondary suspensions are 
modelled with linear spring and damping elements. The lateral displacement between 
carbody and bogie frame is limited by lateral bump stops, and the relative movements 
are damped by the dampers arranged in the vertical and lateral directions. The main 
parameters of the Manchester benchmark model are summarized in Table 1. 
 
Fig. 1. MBS vehicle model. 
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Table 1. Main parameters of the vehicle-track system based on Manchester benchmark. 
Element Value Unit 
Carbody mass 32000 kg 
Bogie frame mass 2615 kg 
Wheelset mass 1813 kg 
Primary longitudinal stiffness 31391 kN/m 
Primary longitudinal damping 15.0 kNs/m 
Primary lateral stiffness 3884 kN/m 
Primary lateral damping 2.0 kNs/m 
Track gauge 1435 mm 
Track segment mass 330 kg 
Lateral stiffness of the sleeper for a single rail  20000 kN/m 
Vertical stiffness of the sleeper for a single rail  75000 kN/m 
Wheel radius 460 mm 
Friction coefficient 0.4 - 
Wheel/rail profile combination S1002/ UIC60  - 
Rail inclination 1:20 - 
The resultant normal contact force is determined by kinematic constraint [11] which is 
rigorous for a single rigid contact between a pair of wheel and rail [12]. Therefore, the 
wheel/rail profile combination S1002/UIC60 with rail inclination 1:20 was selected to 
ensure a single point of contact between the wheel and rail for the simulation condition 
considered in this study. The contact point distribution computed with SIMPACK is 
shown in Fig. 2. The tangential contact problem is solved with the FASTSIM algorithm, 
which is switched off when an external tangential contact model is activated. The track 
flexibility is considered by introducing a moving ballast sectional model of the track 
with lateral and vertical elasticities under each wheelset [13]. 
  
Fig. 2. Contact point distribution for combination of S1002/UIC60 (1:20) 
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3 Integration of contact models into MBS 
The following combinations of contact models were implemented in this work as ex-
amples and apparently this methodology can be easily extended to any combinations of 
contact model. 
Hertz+FASTSIM: This combination is the default option in SIMPACK Rail mod-
ule, where the Hertz theory is applied to solve the normal contact problem with an 
analytical form for elliptic contact patches and the FASTSIM algorithm is used to cal-
culate the creep forces. It should be mentioned that the contribution of the moment 
produced in the contact patch has not been considered in this option since this contri-
bution is marginal. 
KP+KBTNH: This model applies KP method to solve the normal contact problem, 
which is a fast and simplified non-Hertzian method based on the concept of virtual 
penetration, for more details the reader is refer to reference [6]. The KBTNH model is 
used to calculate the creep forces and moment [7, 8]. This model is coded in Matlab 
and exchanges data with the MBS vehicle model via co-simulation. 
CONTACT: The program CONTACT is used for solving both normal and tangen-
tial contact problem with algorithms of NormCG and TangCG, respectively [14]. In 
order to incorporate CONTACT into SIMPACK for online simulation, a multi-co-sim-
ulation platform is established among CONTACT, SIMPACK and Matlab/Simulink. 
The idea of implementing the co-simulations is to determine the resultant normal 
force, contact position on the wheel and rail, contact angle and creepages in SIMPACK 
with the MBS vehicle model, which are fed to the external contact models as inputs, 
then the creep forces and moment calculated by the external contact models are fed 
back to the MBS vehicle model to form a close loop. The schematic presentation of the 
proposed methodology is illustrated in Fig. 3. 
 
 
Fig. 3. Scheme of the integration of contact models into MBS simulation. 
4 Results and discussion 
In order to validate the proposed methodology, the FASTSIM algorithm is implemented 
in Matlab and integrated into the MBS model by means of the methodology introduced 
in Section 3. The simulation results are compared to those of the default FASTSIM in 
SIMPACK. The comparisons (results not shown here for the sake of conciseness) show 
















methodology for the purpose of this work and ensures any differences obtain below 
purely due to the variation of contact models.  
A case study considering the vehicle running on a tangent track at 80 km/h with an 
initial lateral displacement of 4 mm in the two wheelsets of the leading bogie is pre-
sented in this section. The track irregularities are not considered to have a clear com-
parison of the results. The first 0.2 s of the time histories of the simulation results are 
cut off to remove the initial numerical peaks. 
4.1 Solution of tangential contact 
The results of the dynamics simulation of the vehicle in terms of the time histories of 
the creep forces and moment of the leading wheelset are compared in Fig. 4.  
 
Fig. 4. Creep forces and moments of the wheelset 1. 
Fig.4 shows the longitudinal creep force computed by a contact model, which includes 
a non-Hertzian solver for the normal contact problem, is greater than that of a contact 
model where the normal problem is solved by Hertzian model. This is probably due to 
the longitudinal creep force due to spin in the asymmetric contact patches (shown later 
in Fig.6) arises, while this effect is not considered in the Hertz model where the contact 
patch is assumed to be elliptic. The KP+KBTNH model shows good agreement to 
CONTACT for all the contact force components shown in Fig.4, especially the longi-
tudinal creep forces which are almost identical to the results of CONTACT, whilst mi-
nor deviations are observed for the lateral creep forces. The magnitude of the moments 
is very small as expected. 
6 
The differences of the results of Hertz+FASTSIM from those of the other two mod-
els are twofold since both normal and tangential contact solvers are different in different 
models. To better understand the contribution of the normal/tangential solver to the 
difference, more investigations shall be made with one variable at each time which will 
be part of our future work. 
4.2 Solution of normal contact 
The time histories of the normal contact solutions of the leading wheelset are presented 
in Fig.5. The contact shapes and the maximum pressure profile along the lateral axis at 
1.5s and 7.0s are plotted in Fig.5. 
 
Fig. 5. Normal force, contact area and maximum contact pressure. 
It can be seen from Fig.5 that for the first 1.5 s the agreement in terms of the normal 
force is fairly good since the initial contact condition is the same for different contact 
models and the resultant normal force is obtained from MBS model. However, the dif-
ference increases with time up to approximately 3 s, then remain in a relative stable 
level.  
The time histories of the contact area obtained from KP+KBTNH and CONTACT 
are in good agreement, whereas the contact areas are underestimated by 
Hertz+FASTSIM approximately 12%. For the maximum pressure, Hertz+FASTSIM 
underestimates it around 5% while KP+KBTNH under-estimates it about 9% with ref-
erence to CONTACT. These results confirm the findings in [15] that the KP model is 
able to predict the contact area ‘correctly’ with respect to CONTACT for most cases 
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but fails to capture the summit of the pressure distribution for some non-elliptic con-
tacts. Therefore, an improvement of this results can be expected with a more detailed 
normal contact model, e.g. Extended KP model [15]. 
 
Fig. 6. Contact shape and maximum pressure profile along y axis. 
Fig.6 show the solutions of the local contact analysis in terms of contact patch shape 
and distribution of normal pressures. Despite not being directly relevant to vehicle dy-
namics which is only affected by the resultant contact forces, the results of local contact 
analysis are crucial for contact damage analysis, e.g. wear and rolling contact fatigue. 
Observations from Fig.6 suggest that the contact shapes are SDEC [7] type which is the 
basic contact shape used in KBTNH method which also explain the good agreement of 
the creep forces between KP+KBTNH and CONTACT shown in Fig.4. The good 
agreement of the contact shape obtained from KP and CONTACT confirms the effi-
ciency of the KP model in the determination of the contact shape. While the peak in the 
pressure is not well predicted by the KP method and this deviation contributes the dif-
ference in the lateral creep force shown in Fig.4. In conclusion, the KP+KBTNH 
method provides very similar results to CONTACT in terms of contact area and shape, 
however, the corresponding maximum pressure are underestimated. The same com-
ments made on the contact area and pressure distribution as for the previous figure are 
still valid in this case. 
4.3 Lateral motion 
To investigate the influence of the differences in the contact solutions on the motion of 
the system, the lateral displacements of the wheelsets of the leading bogie, of the bogie 
and the carbody are reported in Fig.7-Fig 9, respectively. 
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Fig. 7. Lateral displacement of wheelsets. 
The lateral motions of the wheelsets obtained with different contact models show that 
the wavelength of the motion is longer when Hertzian model instead of the non-Hertz-
ian contact model (KP+KBTNH and CONTACT) is applied. It means the more detailed 
contact model dissipates less energy during this motion. KP+KBTNH is able to capture 
more realistic behavior of the system than classic model, considering the results ob-
tained using CONTACT as a reference. It should also be noted that the scales of the 
plots for wheelsets 3 and 4 are different from those of the wheelsets 1 and 2, so the 
differences seem larger. 
 
Fig. 8. Lateral displacement of the front bogie. 
 
Fig. 9. Lateral displacement of the carbody. 
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Due to the influence of contact modelling on the motion of the wheelset, the same 
trend is transmitted to the bogie and carbody via primary and secondary suspensions as 
shown in Fig.8 and Fig.9 and again a better match is found between the results obtained 
using CONTACT and KP+KBTNH than with FASTSIM. These results confirm that 
the contact modelling is crucial for the MBS online simulation. 
5 Conclusions  
A methodology to implementing external contact models into MBS for online rail ve-
hicle simulations is proposed. Based on the proposed methodology, three levels of elab-
oration of contact models are implemented in an MBS vehicle-track interaction system 
to investigate the influence of contact modelling in the MBS online simulation. 
The simulation results obtained from the case study considered in this work show 
that the contact modelling influences wheel-rail contact parameters as well as vehicle 
dynamics. Future extension of this work is foreseen to investigate the effect of using 
different wheel-rail contact models on the estimation of stability and curving behavior. 
The comparison of the efficiency of different models is also interesting, however, it 
is not the concern of the current work because the codes implemented are not yet opti-
mized. 
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